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Summary

19
1. Significant advances in both mathematical and molecular approaches in ecology offer 20 unprecedented opportunities to describe and understand ecosystem functioning. Ecological 21 networks describe interactions between species, the underlying structure of communities and 22 the function and stability of ecosystems. They provide the ability to assess the robustness of 23 complex ecological communities to species loss, as well as a novel way of guiding restoration. 24
However, empirically quantifying the interactions between entire communities remains a 25 significant challenge. 26 2. Concomitantly, advances in DNA sequencing technologies are resolving previously 27 intractable questions in functional and taxonomic biodiversity and provide enormous potential to 28 determine hitherto difficult to observe species-interactions. Combining DNA metabarcoding 29 approaches with ecological network analysis presents important new opportunities for 30 understanding large-scale ecological and evolutionary processes, as well as providing powerful 31 tools for building ecosystems that are resilient to environmental change. 32
identification by taxonomists (we use the term 'traditional' throughout to contrast with molecular 72 approaches for network construction from field-collected samples). Although species-73 interactions were highly resolved and well-quantified for many of the sub-networks (e.g. plant-74 insect pollinators), others were potentially subject to bias (e.g. plant-leafminer-parasitoids) 75 because of the limitations of taxonomically selective rearing success and the reliance on 76 accurate morphological identification. Moreover, the construction of such networks is labour-77 intensive and, unless sampling efficiency can be increased and biases reduced, it is unlikely 78 that these approaches will be used more widely. Thus, in order to construct and analyse 79 multiple, highly-resolved ecological networks in an efficient manner, new methods are needed, 80 particularly for poorly-studied species and/or interactions that are difficult to observe, such as 81 host-parasitoid food-webs (Hrček & Godfray 2015) . 82
83
Concomitant with advances in network theory and analysis has been the development of 84 powerful DNA-based approaches for individual and community characterisation (see Box 1 for a 85 glossary of commonly used terms). Recently, DNA metabarcoding (which involves parallel 86 sequencing of whole communities often obtained as bulk tissue samples, e.g. from arthropod 87 traps), has been found to be taxonomically more comprehensive, many times quicker to 88 produce than traditional monitoring methods (Ji et al. 2013) , because identifications are genetic 89 rather than morphological, it is less reliant upon taxonomic expertise, making it especially 90 valuable for sampling poorly-known taxa and ecosystems. Also DNA-based approaches can be 91 used to identify remnant DNA shed into the environment (often referred to as environmental 92 DNA or eDNA), allowing the characterization of communities without the presence of wholeunderstand and build resilient terrestrial ecosystems. Funct Ecol, 30: 1904 Ecol, 30: -1916 . , which has been published in final form at doi:10.1111/1365-2435.12659. This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Self-Archiving. 7 merits of these approaches with traditional approaches (Fig. 1A-D) . We discuss how the 116 construction of large, highly-resolved, phylogenetically-structured ecological networks (Fig. 1E ) 117
can be analysed and modelled with ENA ( Fig. 1F ) and how this can inform the management of 118 ecosystems (Fig. 1G) , such as determining the ecological consequences of tree loss and 119 building ecosystem resilience in the face of environmental change. Throughout our aim is to 120 highlight how molecular biologists can effectively work with network ecologists and vice versa. It 121 is not our intention to provide an exhaustive review of molecular methods or ENA, which can be 122 found elsewhere (e.g. Kéfi et al. 2012; Cristescu 2014) . 123
124
To illustrate our conceptual advances we use existing species-interaction data gathered from 125 the UK Database of Insects and their Food Plants (DBIF) (Smith & Roy 2008 ) and the Universal 126
Chalcidoidea Database (Noyes 2015) to construct forest networks. Both of these databases 127 have been collated from the literature and casual observer records. We purposely present these 128 large yet incomplete datasets in order to illustrate inherent biases within many existing species-129
interaction databases and to demonstrate the need for metabarcoding as a complementary 130 method for constructing better-resolved ecological networks. Plant-herbivore and herbivore-131 parasitoid associations were extracted and combined from each database and filtered to 132 produce lists of unique interactions in R version 3.1.3. We use the R package 'HiveR' (Hanson 133 2015) to visualize our networks throughout. Although we focus on forest plant-herbivore-134 parasitoid interactions, by merging ENA with metabarcoding we contend that it will be possible 135 to include a considerably wider range of interactions than is possible with traditional network 136 construction approaches, both across trophic levels and within poorly described ecosystems. 
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overall robustness of forests to sequential species extinction; and iii) identifying important tree 182 species (i.e. the 'topological keystone species' within the networks (Jordán 2009)). These 183 analytical approaches are discussed later, but before they can be used it is essential to find 184 ways of efficiently constructing large-scale forest networks. DNA-based methods, in particular 185 metabarcoding, offer unprecedented opportunities to achieve this. 186
187
Why use DNA-based methods to construct and analyse ecological networks?
188
To date, most ecological networks are constructed using non-molecular methods to directly 189 record species interactions whether those interactions are trophic, mutualistic or parasitic. highly-resolved, it only includes herbivores where a known interaction with a parasitoid has 205 been observed. However, when all tree-herbivore interaction data is included, as shown in 206 Figure 2B , the network structure changes significantly and it becomes apparent that 207 considerable herbivore-parasitoid data is missing. Thus conducting network-level analyses 208 using this incomplete dataset will give misleading results. For this database, considerable 209 sampling effort is needed to elucidate any 'missing links', particularly rare interactions. 210
Molecular methods can play a valuable role in overcoming such issues, either through the mass 211 sampling of forest plant and animal communities, or through eDNA approaches, both of which 212 can provide high taxonomic resolution. Furthermore, they allow the construction of 213 phylogenetically structured ecological networks, a growing area in network ecology (Elias, 214
Fontaine & van Veen 2013). We briefly examine how molecular approaches have enhanced the 215 ability of ecologists to determine species-interactions before describing a novel method to 216 construct ecological networks using metabarcoding, thus overcoming some of the problems 217 associated with traditional network construction methods. 218
219
How molecular approaches can enhance our ability to determine interactions 220
Observation and morphological techniques 221
Traditional methods for constructing species-interaction networks are often time consuming or 222 require a high level of taxonomic expertise making them impractical for large-scale studies, 223 particularly in parts of the world with poorly described biota. Indeed, even in well-described 224 
PCR diagnostic approaches 236
Researchers must first consider whether the diagnostic method should be sequence-based, 237 since although DNA sequence data gives most information there can be significant costs 238 associated in terms of both time and money. To avoid sequencing all samples, it is sometimes 239 possible to develop taxonomically diagnostic polymerase chain reaction (PCR) assays. This 240 approach is an individual-level diagnostic tool and not generally appropriate for the analysis of 241 community samples, but it can be both cheap and quick, with a single person typically producing 242 data for ~1000 samples in a few days. Diagnostic PCR based approaches can be employed 243 when the study system is relatively simple and all nodes in the network are known in detail a 244 priori. Specific primer pairs can be designed for each species, or set of species, which produce 245 a different PCR amplicon size for each primer pair. Species identification is then as simple as 246 fragment lengths. Which primer pair is optimal for a given experimental design is dependent on 273 the specific binding affinities for each primer to the genomes of the studied organisms, as well 274
as on the quality of the DNA extraction (for example, eDNA is typically degraded compared to 275 tissue extracted DNA and will amplify more successfully when using primers that target a 276 smaller region of a barcode gene). 277
278
Sanger sequencing has been used to compare networks constructed using molecular detection 279 with those made using traditional rearing of parasitoids from hosts, with molecular techniques 280 identifying many more interactions than seen when rearing (e.g. Wirta et al. 2014 ). This 281 approach is cheap and easy for small numbers of samples and provides long DNA sequences 282 (upwards of 1000 base pairs where primers allow) leading to higher taxonomic resolution in the 283 DNA sequences, but is unsuited to situations where complex mixtures of DNA may be present 284 (see below). 285 286 DNA barcoding is a highly optimised methodology, amenable to efficient processing of samples 287 from moderate sized projects and is now the standard approach to characterising biological 288 systems. It produces large amounts of taxonomically relevant information and, given a suitable 289 set of reference sequences, can be highly accurate in species identification. However, the ability 290 to scale this approach to larger and more cost-effective projects remains a challenge since both 
314
Perhaps one major reason that NGS community sequencing approaches are yet to be more 315 widely adopted in network ecology is the absence of interaction data. Although it is possible to 316 determine the list of species present in a biological sample (this may be several thousand for 317 some habitats) explicit interaction data between those species is lacking (although it can 318 sometimes be inferred, e.g. (Vacher et al. 2016) 
run would remove the ability to identify interactions, an intermediate method is required in order 324
to obtain both species and interaction data for network construction. 17 missing tree-insect-parasitoid interactions (Fig. 1B) and provide additional information to 335 construct phylogenetically structured networks. 336
337
The DNA amplification and nested tagging process is described in Figure 3 . 'Tagging' refers to 338 the addition to the PCR primer of a characteristic DNA sequence not present in the genome 339 being identified. We may include, for example, a unique 4-10 nucleotide sequence at the end of 340 our PCR primer, using a different sequence for each set of primers (Binladen et al. 2007 ). Each 341 PCR amplification can therefore associate a unique sequence with whichever sample was being 342 amplified, and this can be tracked through to the final analysis to identify which sequences 343 came from which individual. The challenge here is to scale this approach, since even a medium 344 sized experiment soon requires thousands of unique primers, which would be both too costly 345 and technically challenging to utilise in the laboratory. The 'nesting' approach we describe can 346 reduce the barcode complexity considerably, making large scale experiments tractable. 347
Individual insects have DNA extracted in 96-well plates and the COX1 barcode locus is 348 amplified using universal primers. Any of the published primer pairs COX1 would be suitable, 349 provided they produce a PCR amplicon across a wide range of taxa. To each primer we add a 350 first set of molecular identification (MID) tags, the Illumina sequencing primer and a bridge 351 sequence, so that these elements are incorporated into the PCR product. ranging from large-scale food-webs to more subtle effects on networks, such as intracellular 370 parasites, diseases and linkages between herbivore and host genotypes. 371
372
Challenges in using molecular tools for ecological network analysis 373
The most urgent research need for metabarcoding is to promote best common practices for 374 data analysis (Cristescu 2014). Metabarcoding studies provide biodiversity estimates that are 375 highly dependent on the resolution of the marker used, the quality of the sequence libraries, and 376 the parameters used in bioinformatics pipelines. Currently, metabarcoding and nested tagging 377 metabarcoding (as described above) is limited to sequencing approximately 600bp or less whichunderstand and build resilient terrestrial ecosystems. Funct Ecol, 30: 1904 Ecol, 30: -1916 . , which has been published in final form at doi:10.1111/1365-2435.12659. This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Self-Archiving.
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can limit the level to which taxonomic assignments can be made (e.g. Taberlet et al. 2006) . 379
Although analysis allows OTUs to be distinguished even when the DNA sequence cannot be 380 assigned to a named species, these OTUs are not easily reconcilable across sites or studies, 381 thus making it difficult to draw species-level conclusions from the data. However, in most 382 contexts, we suggest that, even with suboptimal locus choice, the resolution achievable for 383 many taxonomic groups would still be superior compared with assigning specimens to 384 morphospecies based on external appearance. 385
386
One specific advantage of sequence data is that not only can species (or OTUs) be identified, 387 but that their relatedness can be ascertained via phylogenetic analysis of the sequence data. 388
However, shorter loci can make phylogenetic inferences among the sampled species less 389 reliable. To circumvent these problems and provide more robust estimates of the relatedness of 390 taxa in the samples it is possible to take a phylogenetic approach to taxon identification. Figure 4 shows how nested tagging 417 metabarcoding provides the data necessary to construct phylogenetically structured ecological 418 networks. To date, most species-interaction data generated using traditional field observations 419 and insect rearing has been organised in a manner similar to that shown in Figure 4A . Here the 420 species-interaction matrices represent the supposed frequency of interaction between a subset 421 of trees, herbivores and parasitoids for illustrative purposes. By adding the phylogenies of the 
Examining the robustness of forest networks and identifying key tree species 430
In order to understand the cascading effects of tree extinction on biodiversity, for example as a 431 result of disease (Mitchell et al. 2014) or invasive insects (Handley et al. 2011) , assessing the 432 robustness of forest networks is a promising area for future research. We exemplify this with a 433 network of trees (the eight most frequently occurring genera in DBIF), insect herbivores and 434 parasitoids (Fig. 5A) . The insects are directly and indirectly connected through shared tree 435 species, which can sequentially be removed either randomly (Figs. 5B and 5C ) or through pre-436 defined criteria. One useful criterion would be the phylogenetic relatedness of trees or insects, 437 such as naturally obtained via the nested tagging approach to determine interactions, which is 438 useful to forest managers when considering shared susceptibility of a taxonomically related 439 group of species to a disease or pest. The robustness of the tripartite network (Fig. 5D) Third, if some tree species are discovered to be disproportionately important in the network of 455 networks, these trees could be investigated further for building more resilient forests or for 456 planning restoration. This information could also inform impact assessments and the 457 cost/benefit analyses used to determine whether management of pests and diseases is justified. 
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Figure legends
